ABSTRACT. Fermentation is an important industrial process for microbial metabolite development and has wide applications in various fields. Aspergillus is the most important genus of fungi used for the production of microbial enzymes such as cellulase. The Aspergillus genome encodes various cellulolytic enzymes. In this study, we assayed the gene expression and cellulolytic enzyme production of three isolates: A. niger (KSU009), A. terreus (KC462061), and A. flavus (KSU014). Two fermentation systems, submerged fermentation and biofilm fermentation (BF), were used for this purpose. Gene expression analysis by RT-PCR showed that cbhB, exo, eglA, eglB, eglC, and β-actin genes were differentially expressed in the two fermentation systems for these three isolates during enzyme production. Furthermore, the expression of all genes was found to be higher in the BF system. The six genes were not expressed in the isolates with no cellulolytic enzyme production. The isolates were identified by morphological and molecular methods, which were based on macroscopic characteristics and sequence analysis of ITS1, ITS2, and the 5.8S regions of rDNA.
INTRODUCTION
The global market for industrial enzymes was estimated to be $3.3 billion in 2010, and was expected to reach $4.4 billion by 2015 (Parameswaran et al., 2013) . The difficulty in producing cellulase at an industrial scale has been a bottleneck in the development of novel bioprocesses and production of biofuels and bioproducts from renewable sources (Sørensen et al., 2013) . Cellulases can be classified into three major types, endoglucanases (EG) (EC 3.2.1.4), exoglucanases (EXG) (cellobiohydrolase) (EC 3.2.1.91), and b-glucosidases (bG) (EC 3.2.1.21) (Rabinovich et al., 2002) . Basic and applied research on cellulolytic enzymes has elucidated their roles in various industrial applications including food processing, animal feeds, fermentation, biofuels, agro-waste management, textiles, and the paper production (Kuhad et al., 2011) .
Cellulase is primarily produced by microorganisms in nature (fungi, bacteria, and protozoa) (Watanabe and Tokuda, 2001) . Various species of the Aspergillus genus (primarily Aspergillus niger) produce enzymes such as cellulase (Sridevi et al., 2015) , lipase (Osuna et al., 2015) , and estrase (Zhou et al., 2015) . The four fermentation systems used for cellulose production are: submerged fermentation (SmF), solid-state fermentation (SSF), biofilm fermentation (BF), and surface-adhesion fermentation (Gutiérrez-Correa and Villena, 2003; Villena and Gutiérrez-Correa, 2006) . SmF is based on the culture of microorganisms in a liquid nutrient broth, whereas other fermentation systems use a solid substrate surface for microorganism growth (Gutiérrez-Correa and Villena, 2003) . In the BF system, filamentous fungi naturally attaches to the growth surface by cell adhesion or chemical bonding that induces changes in its physiology (Ghigo, 2003) .
Genomes of several species of the Aspergillus genus often contain multiple cellulolytic enzyme genes that exhibit differential expression based on culture conditions and other factors (Ward et al., 2006) . Genetic, transcriptomic, and proteomic studies have revealed that several genes and regulatory circuits are activated during enzyme production (Al-Sheikh et al., 2004) .
Transcription patterns of cellulolytic enzymes have been examined via various molecular biological methodologies such as northern blotting (Marui et al., 2002) , RT-PCR (Mahmood et al., 2014) , expressed sequence tag analysis (Todaka et al., 2010) , DNA microarray analysis (Ogawa et al., 2013) and quantitative real-time PCR (Bak, 2015) . The gene profiles of EGs (eglA, eglB, and eglC), EXGs (cbhA, cbhB, and exo), and bGs (β-actin) were found to vary in different fungi, especially in Trichoderma reesei and A. niger (Villena et al., 2009; Mahmood et al., 2014) .
However, very few studies have examined the effect of fermentation systems on the expression of genes encoding cellulolytic enzymes. Thus, the aim of the current study was to assess differential gene expression of the Aspergillus spp (A. niger KSU009, Aspergillus terreus KC462061, and Aspergillus flavus KSU014) during enzyme production in two fermentation systems, BF and SmF.
MATERIAL AND METHODS

Aspergillus isolates
Six fungal isolates belonging to three different species of the Aspergillus genus were used in this study ( Table 1 ). The six isolates were obtained from grains, seeds, and soil of agricultural crops. They were maintained under conditions as previously described (Mahmoud et al., 2014) . 
Identification of Aspergillus isolates
Morphological and molecular identification of Aspergillus isolates were based on macroscopic characteristics as well as gene sequences of ITS1, ITS2, and the 5.8S regions of rDNA (Raper and Fennell, 1965; Gehlot et al., 2011) . PCR was performed using the PCR T Personal Thermo Cycler (Biometra, Germany). The PCR products were sequenced using an automated ABI-Prism 377 DNA Sequencer (Applied Biosystems Inc., CA, USA). The MEGA 6.01 software was used to align the sequences of Aspergillus isolates with nucleotide sequences provided by the GenBank. The neighbor-joining method was used to create phylogenetic trees (Saitou and Nei, 1987 ). Identification at the species level was based on the percentage of ITS similarities (Higgins et al., 2007) .
Cellulolytic enzyme activity and fermentation system
The two fermentation systems, BF and SmF, were used to measure cellulolytic enzyme activities. The three Aspergillus genus isolates, A. niger (KSU009), A. terreus (KC462061), and A. flavus (KSU014), were inoculated and cultured under both fermentation systems. Specifications and assays of the two fermentation systems are summarized in Table  2 . The experiment was repeated for the same isolates, and mercury(II) sulfate was added at a concentration of 500 ppm to stop enzymatic activities in the isolates.
Extraction of total RNA and synthesis of cDNA
Cultured Aspergillus isolates (100 mg) were extracted at 24, 48, 72, and 96 h. The mycelial pellets were grounded in liquid nitrogen to isolate total RNA using the RNeasy plant mini kit (QIAGEN, Germany), according to manufacturer instructions. cDNA synthesis was carried out by reverse transcription using the ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs, UK), according to the manufacturer instructions. Cellulase and xylanase were measured by one international unit (IU) of enzyme The same References (Mahmood et al., 2014 , Villena et al., 2009 
Transcriptional analysis of selected cellulolytic genes
The synthesized cDNA of each gene was amplified via PCR by using the combination of forward and reverse primers outlined in Table 3 (Mahmood et al., 2014) . The reaction mixture contained 2.25 mL 10 X buffer, 1.8 mL dNTP mix (5 mM each), 0.5 mL each forward and reverse primer (10 mM), 1 mL Taq DNA polymerase (New England BioLabs, UK), 2.25 mL cDNA sample, and 11.7 mL dH 2 O. The amplification protocol was as follows: initial denaturation at 95°C (4 min); 40 cycles of: 95°C (30 s), 55°C (30 s), 72°C (30 s); final extension at 72°C (5 min); hold at 4°C. The PCR products were separated on a 1.5% agarose gel containing ethidium bromide, and were electrophoresed (75 V) and visualized using a gel documentation system (UVP). 
RESULTS
Identification of Aspergillus isolates
A. niger KSU009
A phylogenetic tree was constructed ( Figure 1A ), which included eight isolates related to A. niger. Four isolates were found to be closely related to A. niger (KSU009). As shown by the phylogenetic tree, A. niger KU681408, A. niger KR296852, and A. niger JN587346 belonged to the same clade. A. niger KSU009 was found to be very closely related to A. niger KU681408, with an ITS sequence similarity of 99.9%. 
A. terreus KC462061
The phylogenetic tree ( Figure 1B ) included eight isolates related to A. terreus KC462061. A. terreus KC462061 was found to be very closely related to A. terreus AY822634, with an ITS sequence similarity of 99.9%.
A. flavus KSU014
The phylogenetic tree constructed ( Figure 1C ) consisted of eight isolates related to A. flavus. Three isolates were closely related to A. flavus KSU014. The phylogenetic tree indicated that A. flavus KSU014 was classified into the same clade as A. flavus KR296868 and A. flavus EF409786. A. flavus KSU014 was found to be very closely related to A. flavus KR296868, with an ITS sequence similarity of 99.9%.
Cellulolytic enzyme activity
A. niger KSU009
The effect of the two fermentation systems on enzyme production by A. niger KSU009 is represented in Figure 2 . For the BF system, cellulase activity increased linearly with reaction time, up to a maximum of 72 h, after which a decline in the activity was observed. Similar trend was also found for the SmF system. The effect of the BF and SmF systems on bG production by A. niger KSU009 was also examined. The BF system led to higher enzyme yield as well as stronger correlation between enzymatic activity and incubation time, as compared to the SmF system. As expected, A. niger KSU009 treated with mercury (II) sulfate failed to produce any detectable amount of enzymes. 
A. terreus KC462061
The cellulase and bG activities were monitored for up to 96 h using the BF and SmF systems (Figure 3) . A. terreus KC462061 produced cellulase under both BF and SmF systems, with higher yield found in the BF system as compared to that in the SmF system. bG activity in the BF and SmF systems showed steady increase with time during the incubation period. The activities of both the enzymes were higher under the BF system at the end of the incubation period. Mercury (II) sulfate treatment terminated enzyme production in A. terreus KC462061.
A. flavus KSU014
Production of cellulase and bG in the BF and SmF systems were also investigated in A. flavus KSU014 (Figure 4 ). The enzyme activity was monitored for 96 h, and both the enzymes exhibited a gradual linear rise in enzyme production. The enzyme production was found to be higher under the BF system as compared to the SmF system. Mercury (II) sulfate treatment terminated enzyme production in A. flavus KSU014.
Transcriptional analysis of cellulolytic enzyme genes
Transcriptional analysis of six cellulolytic enzyme genes (cbhB, exo, eglA, eglB, eglC, and β-actin) for the six isolates was performed via RT-PCR.
A. niger KSU009
Results showed differential expression of A. niger KSU009 enzyme genes under the BF and SmF systems ( Figure 5) . Following 24 h incubation, all the genes were weakly expressed under both the fermentation systems, with the exception of cbhB and eglB. Strong gene expression was observed in BF (Exo, cbhB, and eglA) and SmF (exo) at 48 h. At 72 h, higher transcriptional rate was observed for all the cellulolytic enzyme genes in the BF system, with the exception of eglA; the SmF system displayed medium transcriptional levels for all the tested genes. At 96 h, gene expression in the BF system ranged from medium to high. In general, gene expression was higher in the BF system as compared to that in the SmF system. No gene amplification was observed when A. niger KSU009 was treated with mercury (II) sulfate. 
A. terreus KC462061
Transcriptional analysis of six A. terreus KC462061 cellulolytic enzyme genes is shown for the BF and SmF systems (Figure 6 ). At 24 and 48 h, all the enzyme genes, with the exception of cbhB and eglA (48 h-BF), were weakly transcribed under both the fermentation systems. At 72 h, all the genes under both the systems exhibited medium to high transcriptional levels. At 96 h, gene expressions in the BF system were found to be higher as compared to that in the SmF system. The transcription was terminated with mercury treatment. 
A. flavus KSU014
Expression levels of the six cellulolytic enzyme genes were assessed by RT-PCR under the BF and SmF systems (Figure 7) . At 24 and 48 h, all the genes were weakly expressed under both the fermentation systems. At 72 and 96 h, higher gene expression was observed under the BF system, as compared to that under the SmF system. Similarly, no gene transcription was observed with mercury treatment. 
DISCUSSION
Microbial cellulolytic enzyme production under both SmF and SSF systems have been assessed in recent studies (Renge et al., 2012) . A. niger can be successfully cultured under both SmF and SSF systems for cellulase production. Cellulase production by SSF system was found to be 3-to 14-fold higher as compared to that by SmF. Factors that affect the production of microbial enzymes include inoculum size, carbon and nitrogen sources, as well as physicochemical conditions such as temperature, pH, and incubation period (Shivanna and Venkateswaran, 2014; Reddy et al., 2015) .
Furthermore, cellulase activity of A. flavus AT-2 cultured under the SSF system was 42.69%, which was higher as compared to that obtained under the SmF system. It was proposed that optimal conditions for maximum cellulase production included a fungal inoculum dose of 5%, an incubation period of 5 days, a temperature of 30°C, a pH of 4.8, and usage of rice straw as the substrate (Dutt and Kumar, 2014) . However, the proposed optimal conditions differed between studies due to different sources of isolates (water, soil, decaying plants) and inherent production capacity of the isolates. Among the different types of fungi, A. flavus was favored for cellulase production (Gomathi et al., 2012; Utharalakshmi et al., 2014) .
A. terreus (used for oil palm composting) is capable of producing high levels of the three main classes of cellulase (CMCase, b-glucosidase, and FPase) under the SSF system using agricultural wastes as substrates. Yeast extract was found to be the preferred nitrogen source, with a pH of 5.5, and a temperature of 28°C. Treatment with chemicals such as Tween 80, magnesium sulfate, and calcium chloride led to a two-fold increase in enzyme production (Shahriarinour et al., 2011) . A few reports confirmed that A. terreus can carry out high cellulase production under short incubation periods using agricultural wastes (Gao et al., 2008; Jahromi et al., 2011) .
Our transcriptional analysis suggested that fermentation systems can have an effect on the expression of enzyme-encoding genes, and increased the level of transcription was achieved using the BF system than using the SmF system. The Aspergillus genus has been characterized as a cellulolytic enzyme producer, and multiple genes encoding cellulase, endoxylanase, and b-xylosidase have been identified in its isolates (Aro et al., 2005) . Several cellulase genes and their expression patterns have been identified through genomic sequencing. Fungal cellulase gene expression and secretion are tightly controlled at the transcriptional level (Stricker et al., 2008) . Factors such as isolate efficiency, richness of nutrient broth, pH, oxygen concentration, culture conditions, and fermentation systems play a role in fungi gene expression (Aro et al., 2005; Ward et al., 2006) .
In this study, we found that isolate efficiency and fermentation systems affect gene expression. In contrast to the SmF system, in a BF system, fungal species adhere to the substrate. This is a metabolically active process involving various signaling pathways and gene interactions (Osherov and May, 2001 ). This may explain the higher enzyme activities observed in the BF system, as transcriptional activities are upregulated by specific proteins in BF cultures. The SmF system may be governed by a different set of regulatory mechanisms, and lacks the upregulation in protein activities (Villena et al., 2009) . It is possible that SmF cultures work as a homogeneous system, while the BS cultures show heterogeneity in terms of regulatory mechanisms involved in the transcription of cellulolytic enzyme genes (ViniegraGonzález et al., 2003) . mRNA stability is another important factor for the regulation of gene expression. A balance between mRNA synthesis and degradation is not only important for gene expression, but is also vital for cell adaptation (Caddick et al., 2006) . Differential EG and bG gene expression in A. terreus under liquid and solid cultures is regulated by carbon sources and culture conditions (Nazir et al., 2010) . The role of cell adhesion in A. niger is an important factor for biofilm development. Therefore, the particular morphogenetic and physiological behaviors of A. niger need to be further investigated to establish factors that regulate surfaceadhesion fermentation system (Villena et al., 2009) .
